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PK15 cellsB is commonlyactivated upon virus infection and a keyplayer in the induction and
regulation of the host immune response. The present study demonstrated for the ﬁrst time that porcine
circovirus type 2 (PCV2), which is the primary causative agent of an emerging swine disease, postweaning
multisystemicwasting syndrome, can activateNF-κB in PCV2-infected PK15 cells. In PCV2-infected cells, NF-κB
was activated concomitantlywith viral replication,whichwas characterized by increasedDNAbinding activity,
translocation of NF-κB p65 from the cytoplasm to the nucleus, as well as degradation and phosphorylation of
IκBα protein. We further demonstrated PCV2-induced activation of NF-κB and colocalization of p65 nuclear
translocationwith virus replication in cultured cells. Treatment of cellswith CAPE, a selective inhibitor of NF-κB
activation, reduced virus protein expression and progeny production followed by decreasing PCV2-induced
apoptotic caspase activity, indicating the involvement of this transcription factor in induction of cell death.
Taken together, these data suggest that NF-κB activation is important for PCV2 replication and contributes to
virus-mediated changes in host cells. The results presented here provide a basis for understanding molecular
mechanism of PCV2 infection.
© 2008 Elsevier Inc. All rights reserved.Introduction
Porcine circovirus (PCV)wasﬁrst recognized in1974as apicornavirus-
like contaminant of a continuous porcine kidney cell line (PK15) (Tischer
et al., 1982). Two genotypes of PCV have been identiﬁed. PCV type 1
(PCV1) is known to be non-pathogenic to pigs (Allan et al., 1995). High
prevalence of anti-PCV1 antibodies has been detected in the swine
population but no disease is correlated with PCV1 infection (Mahe et al.,
2000; Tischer et al., 1986). In contrast, PCV type 2 (PCV2) is associated
with postweaning multisystemic wasting syndrome (PMWS) in young
weaned pigs. The disease was initially described in Canada in 1991
(Harding and Clark, 1997) and subsequently observed in virtually all
regions of theworld that produce pigs (Allan et al.,1998; Choi et al., 2000;
Edwards and Sands, 1994; Fenaux et al., 2000; Mankertz et al., 2000;
Onuki et al.,1999). Usually PMWS appears in pigs aged 5 to 18weeks, and
is clinically characterized by fever, wasting or unthriftiness, respiratory
distress, enlarged lymph nodes and, occasionally, jaundice and diarrhea
(Darwich et al., 2004; Harding, 1996; Segalés and Domingo, 2002).
Mortality rates may vary from 1 to 2% up to 30% in complicated cases
when co-infections with porcine reproductive and respiratory syndrome
virus (PRRSV), porcine parvovirus, orMycoplasma hyopneumoniae. Otherl rights reserved.risk factors described in the Madec principles have been developed to
correlate with PMWS (Rose et al., 2003). Microscopic lesions are char-
acterized by lymphocyte depletion of follicular and interfollicular areas
together with macrophage inﬁltration of lymphoid tissues in PMWS-
affected pigs. Several lines of ﬁeld and experimental evidence have
suggested that severely PMWS-affected pigs may develop immunosup-
pression (Segalés et al., 2004).
PCV is classiﬁed in the genus Circovirus of the family Circoviridae
(Todd et al., 2005). The PCV virion is icosahedral, non-enveloped, and
17 nm in diameter. The PCV genome is a circular single-stranded DNA
molecule of about 1.76 kb. The overall DNA sequence homology within
the PCV1 or PCV2 isolates is greater than 90%, while the homology
between PCV1 and PCV2 isolates is 68–76%. Two major open reading
frames (ORFs) have been recognized for PCV, ORF1, called rep gene,
which encodes a protein of 35.7 kDa involved in virus replication
(Mankertz et al., 1998), and ORF2, called cap gene, which encodes the
major immunogenic capsid protein of 27.8 kDa (Cheung, 2003;
Nawagitgul et al., 2000). In addition to the replicase ORF1 and the
capsid protein ORF2, a novel protein, ORF3, has been detected in PCV2
productive infection and is not essential for PCV2 replication in cultured
cells but plays amajor role in virus-induced apoptosis andwas involved
in viral pathogenesis in vitro and in vivo (Liu et al., 2005, 2006).
Virus infections have been shown to control several cellular signal
transduction pathways including activation of the transcription factor
NF-κB. The NF-κB regulates the expression of genes that encode
Fig. 1. NF-κB binding activity induced by PCV2 infection in cultured cells. NF-κB p65
binding to DNA was determined using the Trans-AM NF-κB p65 transcription factor
assay kit. Nuclear extracts of PK15 cells were prepared at 24, 48, 72, and 96 h post-
infection. Excess free wild-type consensus oligonucleotide (competitor) or mutated
consensus oligonucleotide (noncompetitor) was added to reactions in the competition
experiments. Results are expressed as the fold increase of binding activity compared to
mock-infected control. These results are representative of three independent experi-
ments. Values are shown as the mean±SD from triplicate wells.
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important component of the cellular defense against viral pathogens
(Bonizzi and Karin, 2004; Hayden and Ghosh, 2004). For example,
cytomegalovirus, human immunodeﬁciency virus, rhinovirus, Thei-
ler's murine encephalomyelitis virus, and many others, have been
reported to activate NF-κB and induce an inﬂammatory and/or
antiviral response (Demarchi et al., 1999; Kowalik et al., 1993; Palma
et al., 2003; Papi and Johnston, 1999). NF-κB belongs to a conserved
family of proteins that contain ﬁve members: p50, p65 (RelA), c-Rel,
p52, and RelB (Verma et al., 1995), forming multiple homo- and
heterodimers with transcriptional activity (Ghosh et al., 1998).
Normally, NF-κB exists as an inactive cytoplasmic complex, whose
predominant form is heterodimer composed of p50 and p65 subunits,
bound to inhibitory proteins of the IκB family, including IκBα, IκBβ
and IκBɛ (Ghosh et al., 1998). The interaction with IκB masks the
nuclear localization sequence in the NF-κB complex, sequestering the
factor in the cytoplasmic compartment. When stimulated with a wide
variety of stimuli, the I kappa kinase (IKK) complex phosphorylates
speciﬁc serine within the IκB proteins, triggering their ubiquitination
by an ubiquitin ligase. The IκB protein is then degraded by the 26 S
proteasome (Beg et al., 1993; Henkel et al., 1993; Karin and Ben-
Neriah, 2000; Palombella et al., 1994), thus allowing the release and
translocation of NF-κB into the nucleus to bind to consensus
nucleotide sequences in the cellular genome, activating the transcrip-
tion of genes involved in innate and adaptive immunity (Hayden and
Ghosh, 2004).
Here, we report for the ﬁrst time that NF-κB activation is involved
in PCV2 infection. After observing NF-κB activation following PCV2
infection, the mechanism by which PCV2 mediates NF-κB activation,
as well as the role of NF-κB activation in PCV2 replication and PCV2-
induced apoptotic caspase activity, were studied. Our results provide a
basis for understanding the molecular mechanism of PCV2 infection.
Results
PCV2 infection stimulates DNA binding activity of NF-κB
Viruses have developed various strategies which lead to either
activation or inhibition of NF-κB-dependent gene transcription for
their beneﬁts (Santoro et al., 2003). The NF-κB pathway can be
activated as a protective response of the host to viral pathogens. In
order to determine whether NF-κB signaling is activated by PCV2,
we used a NF-κB transcription factor assay to investigate the ability of
NF-κB p65 subunit to bind to DNA at different time points after PCV2
infection. PK15 cells were either mock-infected or infected with PCV2
at a MOI of 1 TCID50, and nuclear extracts were prepared at the indi-
cated times after virus infection. As shown in Fig. 1, there was a time-
dependent increase in NF-κB DNA binding activity in PCV2-infected
cells at 72 h post-infection which decreased thereafter. At 72 h after
infection, the NF-κB p65 DNA binding activity showed an approxi-
mately 3.1-fold higher than that in mocked-infected cells. In addition,
the NF-κB DNA binding activity observed was ablated by an excess of
the wild-type consensus oligonucleotide (unlabeled competitor), but
not by an excess of the mutated consensus oligonucleotide (unlabeled
noncompetitor) (Fig. 1). Together, these results demonstrated that
PCV2 induces NF-κB DNA binding activity in infected PK15 cells.
PCV2 infection enhances nuclear translocation of p65
The above-described results demonstrated the activation of NF-κB
pathway induced by PCV2 infection. Nuclear translocation is one of
the key steps during activation of NF-κB. Thus, we initially used
Western blotting analysis to detect the p65 level in the nucleus
following PCV2 infection. Nuclear extracts were prepared from PK15
cells at multiple time points after infectionwith PCV2 and analyzed for
the p65 protein. As shown in Fig. 2A, infection with PCV2 led toprogressive accumulation of NF-κB protein in the nucleus over time. In
UV-irradiated PCV2-infected cells, p65 nuclear translocation level was
very weak (Fig. 2A and data not shown). As expected, a weak p65
nuclear translocation level was also seen in mock-infected PK15 cells
(Fig. 2A). Furthermore, the level of histone which was used as a
loading control for nuclear samples did not change at any time after
infection as compared to those detected in the PCV2-infected cells
(Fig. 2A).
To further examine whether translocation of NF-κB p65 protein to
nucleus was directly induced by PCV2 replication, we decided to study
colocalization pattern of the p65 and PCV2 ORF1 proteins. The cellular
localization of different proteins was tested by ﬂuorescence confocal
microscopy. As shown in Fig. 2B, the ORF1 protein exhibited a pre-
dominant nuclear ﬂuorescence, while the p65 protein also displayed
predominantly a nucleus translocation in the same cells. The ORF1
protein showed colocalization with the p65 protein in the nucleus, as
indicated by the yellow color in merged images (Fig. 2B). Furthermore,
the number of the yellow cells colocalizing of the ORF1 protein to the
p65 protein in the nucleus increased as PCV2 infection progressed
(data not shown). However, mock-infected as well as UV-irradiated
PCV2-infected cells revealed predominant cytoplasmic p65 staining
with little or no detectable p65 localized to the nucleus (Fig. 2B and
data not shown). These results show that nuclear translocation of
NF-κB correlated with PCV2 infection, implying that PCV2 replication
directly induces NF-κB activation.
IκBα protein is degraded and phosphorylated by PCV2 infection
Activation of NF-κB pathway by many extracellular stimuli is
dependent primarily on degradation of IκB proteins, which sequester
NF-κB in the cytoplasmic compartment (Ghosh and Karin, 2002;
Hayden and Ghosh, 2004). Therefore, we determined whether PCV2-
mediated changes in IκB proteins correlated with increased NF-κB
activity. Protein levels of IκBα, IκBβ, and IκBɛ in the cytoplasmic
extracts from PK15 cells were monitored by Western blotting analysis
following a time course of PCV2 infection. As shown in Fig. 3, PCV2
infection resulted in signiﬁcant reductions in amounts of IκBα in a
Fig. 2.NF-κB translocation is mediated by PCV2 infection. (A) Nuclear extracts from PK15 cells after infectionwith PCV2 strain BJWat a MOI of 1 TCID50. PCV2-infected cells 24, 48, 72,
and 96 h as well as UV-irradiated PCV2-infected cells 96 h were harvested, nuclear extracts were prepared and resolved by SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted by using antibody speciﬁc for NF-κB p65. A histone-speciﬁc antibody was used to detect levels of histone in the nuclear extracts as a loading control. (B) Nuclear
translocation of NF-κB to PCV2 viral protein-expressing cells. PK15 cells were infected with PCV2 strain BJW at a MOI of 1 TCID50. At 72 h after infection, the cells were ﬁxed and
doubly labeled with guinea pig polyclonal anti-ORF1 and rabbit polyclonal anti-p65 antibodies followed by FITC-conjugated anti-guinea pig IgG or rhodamine-conjugated anti-rabbit
IgG antibodies. Separate images showing PCV2 ORF1 distribution (a and d), NF-κB p65 distribution (b and e), and a merger of both (c and f) were acquired. Colocalizations are shown
in yellow in the merged images. Panels g and h show NF-κB p65 distribution in the mock-infected and UV-irradiated PCV2-infected cells 72 h, respectively. Bars, 10 μm.
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in the mock-infected cells, suggesting degradation of IκBα. This cor-
related with the increasing NF-κB activity after PCV2 infection among
the time points tested (Fig. 1). In contrast to IκBα, IκBβ and IκBɛ
remained relatively constant at all time points in the PCV2-infected
cells. Furthermore, the level of GAPDH did not change at any time after
infection with respect to those detected in the mock-infected cells.
Following the appropriate stimulus, IκBα is phosphorylated at
serine residues 32 and 36, which triggers its polyubiquitylation and
destruction by 26S proteasome, and then NF-κB migrates to the
nucleus and activates transcription (Ghosh and Karin, 2002; Hayden
and Ghosh, 2004). Phosphorylation of IκBα protein in the PCV2-
infected PK15 cells was further examined by using antibody against
phosphorylated IκBα at Ser-32 and -36 in Western blotting. As shown
in Fig. 4, IκBα is phosphorylated after PCV2 infection in a time-
dependent manner. In contrast, IκBα phosphorylation was not
activated in the mock-infected cells (Fig. 4). The alterations in the
amounts of phosphorylated (p)-IκBαwere not due to the difference in
protein extracts loaded, as the protein levels of GAPDH in each sample
were comparable. In addition, we also used UV-irradiated PCV2 to
inoculate PK15 cells and assayed IκBα degradation and phosphoryla-
tion. As expected, unirradiated virus induced efﬁcient degradationand phosphorylation of IκBα, while UV-irradiated virus failed to
display levels of IκBα comparable to those seen in the mock-infected
cells (data not shown). These data demonstrate that PCV2 infection of
PK15 cells results in the activation of the NF-κB pathway via the
phosphorylation and degradation of IκBα.
Inhibition of NF-κB activation impairs virus protein expression and
progeny production
To investigate the roles of NF-κB activation in PCV2 viral
replication, a speciﬁc inhibitor, CAPE, which inhibits NF-κB activation,
was used. We ﬁrst examined the effects of NF-κB inhibition on PCV2
viral protein expression. PK15 cells were treated with either DMSO
which is the solvent for CAPE or various concentrations of CAPE for
60 min prior to infection. CAPE was also present during infection and
in subsequent incubation periods. Capsid protein ORF2 of PCV2 was
analyzed in the PCV2-infected PK15 cells by IFA detection. The ORF2
protein expression was dose-dependently reduced when cells were
treated with the NF-κB inhibitor drug, as demonstrated by the
increased number of PCV2-positive cells observed in wells infected
cells treated with DMSO alone compared to cells treated with CAPE
(Fig. 5A). No signiﬁcant differences were seen in the ORF2 protein
Fig. 3. PCV2 infection leads to degradation of IκBα but not IκBβ or IκBɛ. Cytoplasmic
extracts were prepared from uninfected PK15 cells or cells infected with PCV2 strain
BJW at a MOI of 1 TCID50 for the time points shown. Extracts were resolved by SDS-
PAGE, transferred to nitrocellulosemembranes, and immunoblotted by using antibodies
speciﬁc for IκBα, IκBβ or IκBɛ. A GAPDH-speciﬁc antibody was used to detect levels of
GAPDH as a loading control.
Fig. 5. Inhibition of NF-κB activation blocks PCV2 replication. (A) Dose-dependent
reduction of PCV2 protein expression. PCV2-Infected PK15 cells 96 h after treatment
with various concentrations of CAPE as well as UV-irradiated PCV2-infected cells 96 h
were assayed for the amount of PCV2 viral antigen by IFA. The amounts of PCV2 viral
antigen are shown as percentages of the PCV2-positive signals in PCV2 alone-infected
cells. The data shown are mean values±SD based on three independent experiments.
(B) Dose-dependent reduction in the titer of the released PCV2. Supernatants of PCV2-
infected PK15 cells 96 h after treatment with the inhibitor CAPE as well as UV-irradiated
PCV2-infected cell supernatants 96 h were serially diluted 10-fold and inoculated
on monolayers of PK15 cells. Virus titers were assayed by IFA method under a
ﬂuorescence microscopy and expressed as TCID50 per 1 ml. The values represented are
the means of the results for three independent experiments; error bars show the
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infected cells (data not shown). No ORF2 protein expression was not
detected in the UV-irradiated PCV2-infected as well as mock-infected
cells (Fig. 5A and not shown). We next investigated whether the
inhibition of NF-κB activity affected viral titers. Ninety-six hours post-
infection supernatants were collected and viral titers were deter-
mined by the IFA method. Fig. 5B depicts the titers of each virus
(expressed as TCID50/millilitre) after treatment with various amounts
of CAPE. PCV2 replication in DMSO-treated cells resulted in the
generation of a viral titer of 105.2 TCID50/ml after 96 h of post-
infection, whereas NF-κB activation inhibition reduced the titer of
released virus in the supernatant in a dose-dependent manner. As
expected, UV-irradiated PCV2 failed to grow comparable to those seen
in themock-infected cells (Fig. 5B). These results suggested that NF-κB
activation is needed for efﬁcient PCV2 replication.
Inhibition of NF-κB activation prevents PCV2-mediated caspase activation
PCV2 has been shown to induce apoptosis in cultured cells through
activation of caspase-8 followed by activation of caspase-3 pathwayFig. 4. Phosphorylation of IκBα in PCV2-infected cells. Cytoplasmic extracts from PCV2-
infected PK15 cells were subjected to Western blotting analysis using an anti-p-IκBα
antibody that recognizes phosphorylated IκBα at Ser-32 and -36. A GAPDH-speciﬁc
antibody was used to detect levels of GAPDH as a loading control.
standard deviations.(Liu et al., 2005). As demonstrated above, PCV2 replication was
strongly prevented after treatment with the NF-κB inhibitor. There-
fore, to determine whether NF-κB activation is required for PCV2-
induced apoptosis, caspase-3 activity was assayed in PK15 cells with
PCV2 infection after treatment with various concentrations of the NF-
κB inhibitor CAPE. As expected, PCV2 alone induced activation of
caspase-3 in infected cells, whereas its activity was signiﬁcantly
reduced when the infected cells was treated with Ac-DEVD-CHO, a
peptide inhibitor of caspase-3 activity (Fig. 6). A basal caspase-3
activity was detected in the UV-irradiated PCV2-infected as well as
mock-infected cells (Fig. 6). Furthermore, activation of caspase-3 was
dose-dependently decreased in the infected cells when treated with
increasing amounts of CAPE (Fig. 6). Therefore, we believe that NF-κB
activation is required for PCV2-induced apoptosis, although it is un-
clear whether the apoptosis directly mediated by the NF-κB signaling
Fig. 6. Inhibition of PCV2-induced caspase-3 activity by treatmentwith NF-κB activation
inhibitor. Whole-cell lysates harvested from PCV2-infected cells 96 h after treatment
with various concentrations of CAPE as well as UV-irradiated PCV2-infected cells 96 h
were assayed for DEVDase activity using the caspase-3 colorimetric DEVD-AFC. In
addition, PCV2 alone-infected cells were treated with the caspase-3 inhibitor DEVD-
CHO. Mock-infected cells were used as a negative control. Values shown aremeans from
duplicate experiments.
181L. Wei et al. / Virology 378 (2008) 177–184pathway or whether it is indirectly associated with NF-κB-regulated
viral replication.
Discussion
Awide variety of viruses activate the transcription factor NF-κB. In
this report, we describe for the ﬁrst time a correlation between NF-κB
activation, namely increased p65 DNA binding activity and nuclear
translocation, as well as the degradation and phosphorylation of IκBα
after PCV2 infection. We further show that speciﬁc inhibition of NF-κB
activation leads to attenuation of the virus life cycle, as determined by
lower virus protein and progeny production, and attenuation of host
cell death. This study has provided a new insight into our under-
standing of the interplay of virus and host signaling induced by PCV2
infection and demonstrates that NF-κB signaling plays a role in the
PCV2 viral life cycle.
Various external stimuli including viral infections cause phosphor-
ylation and degradation of IκBα in the cytoplasm and subsequent NF-
κB protein translocation to the nucleus, where it transactivates certain
genes (Ghosh and Karin, 2002; Hayden and Ghosh, 2004). During
PCV2 infection, we found an increase of NF-κB DNA binding activity
(Fig. 1). The increased NF-κB DNA binding activity corresponded to
nuclear localization of the p65 proteins in the PCV2-infected cells
(Figs. 2A and B). Furthermore, IκBα protein was phosphorylated and
degraded over time in the PCV2-infected cells (Figs. 3 and 4). The
results suggest that PCV2 infection induces NF-κB activation in
cultured cells through both phosphorylation and degradation of
IκBα. Many other viruses have been shown to induce NF-κB activation.
For instance, NF-κB activation by EBV viral oncoprotein LMP1 is
induced through IκBα phosphorylation and degradation (Karin,1999).
Herpes simplex virus type 1 induces persistent nuclear translocation
of NF-κB by increased IKK activity (Amici et al., 2001) and loss of both
IκBα and IκBβ (Patel et al., 1998). PRRSV activates the NF-κB pathway
through IκB degradation in cultured cells (Lee and Kleiboeker, 2005).
The PCV2 is a small DNAvirus whose replication occurs in the nuclei of
infected cells and code for only three known proteins, none of which
shows any obvious homology to cellular proteins. Therefore, whichprotein participates in NF-κB-IκBα activation pathway in host cell is
still to be identiﬁed.
Many viruses have evolved mechanisms to target the NF-κB
pathway to facilitate their replication, host cell survival, and evasion of
immune responses. Chronically infected with HIV-1 activated con-
stitutively NF-κB in primary monocytes and myeloid cell lines
(Roulston et al., 1995), increasing the intracellular levels of NF-κB.
This may permit high levels of HIV-1 gene expression and could thus
provide a favourable environment for HIV replication (Roulston et al.,
1995). Herpes simplex virus type 1 (HSV-1) induces a persistent
translocation of NF-κB in a process that depends on the HSV-1 ICP24
or ICP27 IE gene products (Patel et al., 1998), indicating that NF-κB
activation is involved in HSV replication. Efﬁcient replication of HSV-1
has been further shown to be highly dependent on IκB kinase-IκB-p65
pathway (Gregory et al., 2004). Prolonged activation of NF-κB by
human cytomegalovirus (HCMV) promotes efﬁcient viral replication
and late gene expression (DeMeritt et al., 2006), by which NF-κB
activationwas blocked by pre-treatment with NF-κB inhibitors: HCMV
replication was signiﬁcantly decreased in cultured cells. An active
NF-κB signaling pathway has been shown to be a general prerequisite
for inﬂuenza virus infection of human cells (Nimmerjahn et al., 2004),
with inhibition of NF-κB activation blocking inﬂuenza virus infection
of susceptible cells. During PCV2 replication in PK15 cells, we
assessed whether NF-κB activation occurred in virus-infected cells
or in neighbouring cells through paracrine effects of an unknown
mediator. PCV2 ORF1 protein is a non-structural protein which is
involved in virus replication (Mankertz et al., 1998). Its expression at
the levels and time points observed therefore constitutes evidence of
replication. When ORF1 protein was detected in the PCV2-infected
cells but not in UV-irradiated PCV2-infected cells, it colocalized with
nuclear translocation of p65 (Fig. 2B). This direct colocalization
between PCV2 replication and p65 translocation shows that NF-κB
activation at the time points studied occurs principally in virus-
infected cells through a direct mechanism. Furthermore, blockage of
the NF-κB pathway by treatment of NF-κB inhibitor did interfere with
PCV2 viral protein expression and progeny production (Figs. 5A and B).
Therefore, these data suggest that activation of the NF-κB pathway is
essential for efﬁcient viral replication.
NF-κB has been shown to play a pivotal role in apoptosis of many
virus-infected cells. Some viruses exploit the antiapoptotic proper-
ties of NF-κB to evade the host defense mechanisms that limit
replication by killing infected cells, or conversely to trigger pro-
apoptotic responses as a mechanism to increase virus spread (Bowie
et al., 2004; Mi et al., 2001). NF-κB blocks apoptosis has been
reported for some viruses (Bowie et al., 2004; Goodkin et al., 2003;
Roulston et al., 1999; Su et al., 2001; Thomas et al., 2002). In contrast,
activation of NF-κB by Dengue virus, Sindbis virus, reovirus, and
infectious bursal disease virus is associated with the induction of
apoptosis, which can be blocked by proteasome inhibitors or NF-κB
decoys (Connolly et al., 2000; Jan et al., 2000; Lin et al., 1995, 1998;
Liu and Vakharia, 2006; Marianneau et al., 1997), indicating that
activation of NF-κB in cell cultures are required for virus-induced
apoptosis. It has been shown that PCV2 infection as well as
expression of viral protein induces direct cell apoptosis (Liu et al.,
2005). In this study, using an inhibitor of NF-κB activation, we
demonstrated that interference with the NF-κB pathway leads to
reduction of PCV2-induced apoptotic caspase activity (Fig. 6). This
result suggests that NF-κB plays a role in the mechanism by which
PCV2 triggers an apoptotic program in infected cells. p53 has been
considered to be a NF-κB-responsive proapoptotic protein (Wu and
Lozano, 1994). In a recent report, p53 expressionwas increased in the
PCV2-infected cells and thus suggesting that the PCV2-induced
apoptosis in cultured cells may be p53 mediated (Liu et al., 2007).
Therefore, activation of NF-κB following PCV2 infection may induce
the expression of a variety of proapoptotic genes including p53 fol-
lowed by ultimately leading to apoptosis.
182 L. Wei et al. / Virology 378 (2008) 177–184In summary, the results reported here establish that PCV2 infection
activates NF-κB via IκBα phosphorylation and degradation in cultured
cells and demonstrate that activation of NF-κB is required for virus
replication as well as PCV2-induced apoptosis. Understanding the NF-
κB pathway used by PCV2 to mediate cellular gene expression and
apoptosis will contribute important information about the molecular
mechanism of PCV2 infection.
Materials and methods
Virus and cells
ThepermanentPK15 cell line,whichwas free of PCV,wasmaintained
in minimal essential medium (MEM) supplemented with 5% heat-
inactivated fetal bovine serum (FBS), 5% L-glutamine, 100 U of penicillin
G/ml, and 100 μl of streptomycin/ml at 37 °C in a humidiﬁed 5% CO2
incubator. The PCV2 virus used in the studywas originally isolated from
a kidney tissue sample of a pig with naturally occurring PMWS (strain
BJW) (GenBank Accession No. AY847748) (Liu et al., 2005).
For PCV2 infection, PK15 cells seeded the day before were infected
with PCV2 strain BJW at a multiplicity of infection (MOI) of 1. Cells
were additionally treated with 300 mM D-glucosamine at 24 h after
infection as described previously (Tischer et al., 1987).
ELISA-based NF-κB DNA binding assay
PK15 cells were infected with the PCV2 strain BJW at a MOI of
1 TCID50 and harvested at various time points after infection.
Inoculation of PBS into PK15 cells served as mock-infected controls.
NF-κB binding to κB site was assayed by a Trans-AM™ NF-κB p65
transcription factor assay kit (Active Motif, Carlsbad, CA) according to
the manufacturer's instructions. Ten micrograms of PK15 cell nuclear
extracts was added to 96-well plates coated with an oligonucleotide
containing the NF-κB consensus site (5′-GGGACTTTCC-3′). The active
form of NF-κB contained in nuclear extracts speciﬁcally binds to this
oligonucleotide and can be revealed by incubation with anti-p65
antibody followed by horseradish peroxidise (HRP)-conjugated
secondary antibodies using enzyme-linked immunosorbent assay
technology with absorbance reading. Excess (20 pmol) wild-type
probe (5′-AGTTGAGGGGACTTTCCCAGGC-3′) or mutant probe (5′-
AGTTGAGGCCATTTCCAGGC-3′) was added to reactions in the compe-
tition experiments. The speciﬁcity of the assay was determined by
competition with the free wild-type consensus oligonucleotide or
mutated consensus oligonucleotide according to the manufacturer's
instructions.
Indirect immunoﬂuorescence and confocal microscopy
PK15 cells seeded in chamber slides (IWAKI) were infected as
described above. At different time points, cells were washed with PBS,
ﬁxed in 4% paraformaldehyde, washed three times. After three
washes, cells were incubated with guinea pig anti-ORF1 and rabbit
polyclonal anti-p65 antibodies (Santa Cruz Biotechnology) diluted in
3% BSA-PBS at 37 °C for 1 h. After three further washes, cells were
incubated with ﬂuorescein isothiocyanate (FITC)-conjugated anti-
guinea pig immunoglobulin G and rhodamine-conjugated anti-mouse
immunoglobulin G (DAKO) at 37 °C for 1 h. Cells were washed three
times with PBS, rinsed in dH2O, dried and mounted with ﬂuorescence
mounting media, and examined under LSM 510 META confocal laser
scanning microscopy (Zeiss, Germany) with a Plan-Novoﬂuar 63×/1.4
oil objective.
For PCV2 protein synthesis detection, PCV2-infected PK15 cells
were stained with antibody raised against PCV2 ORF2 protein and
FITC-conjugated secondary antibodies and examined under a ﬂuor-
escence microscopy. Cells positive for PCV2 viral antigens were
counted in six ﬁelds of view.Cellular extracts
Cytoplasmic and nuclear protein extracts from PK15 cells after
infection at various time points were prepared with the nuclear
extraction kit (Pierce) according to the manufacturer's protocol.
Protein concentration was determined by the Bio-Rad protein assay
(Bio-Rad, Hercules, CA) with bovine serum albumin as a standard.
Western blotting
The cytoplasmic or nuclear extracts prepared as described above
were diluted in 2× sample buffer and boiled for 5 min. Twenty
micrograms of each extract was resolved on 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted
onto nitrocellulose (NC) membranes (Stratagene) with a semidry
transfer cell (Bio-Rad Trans-Blot SD). The membranes were blocked for
2 h at room temperature (RT) in blocking buffer TBST (20 mM Tris–HCl
[pH 7.4],150mMNaCl, 0.1% Tween-20) containing 5% skimmilk powder
to prevent nonspeciﬁc binding, and then incubated with speciﬁc pri-
mary antibodies raised against NF-κB p65, IκBα, IκBβ, IκBɛ, phosphory-
lated (p)-IκBα, histone H1 (Santa Cruz Biotechnology), or human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Chemicon Inter-
national) at RT for 2 h. The membranes were washed three times with
TBST buffer, and incubated for 1 h at RTwithHRP-conjugated secondary
antibodies (DAKO) diluted in blocking buffer (1:2000). Immunoreactive
bands were visualized by enhanced chemiluminescence system
(Amersham Biosciences).
NF-κB inhibition
To evaluate the role of NF-κB in PCV2 infection, we carried out
inhibition experiment with chemical inhibitor of this pathway. Caffeic
acid phenethyl ester (CAPE) (Calbiochem), an inhibitor of p65 trans-
location (Natarajan et al., 1996), was used to pretreat the PK15 cells for
1 h before infection, at concentrations ranging from 1 to 25 μg/ml,
respectively. The same concentration of drug was added to the
medium after infection. Treatment of PK15 cells with CAPE (25 μg/ml)
resulted in a complete inhibition of NF-κB activation. The cytotoxicity
of the inhibitor CAPE on PK15 cells was determined by trypan blue
exclusion dye staining. It was noted that throughout all doses of the
inhibitor used in this study, cell viability assay showed no detectable
cell death in PK15 cells.
TCID50 assay
PCV2 titer in cell supernatant was determined on monolayers of
PK15 cells by immunoﬂuorescence assay (IFA) as previously described
(Fenaux et al., 2002). Brieﬂy, samples were serially diluted 10-fold and
inoculated on monolayers of PK15 cells. Following 1 h of incubation,
fresh MEMmediumwas added and incubated. Cells were additionally
treated with 300 mM D-glucosamine at 24 h after inoculation. 96 h
post-infection, ORF2 protein expression was assayed by IFA method
under a ﬂuorescence microscopy and virus titer was determined as
TCID50 per 1 ml.
Fluorometric assay of caspase-3 activity
Spectroﬂuorometric assays of proteolytic activity were carried out
using synthetic ﬂuorogenic substrates 7-amino-4-triﬂuoromethyl
coumarin (AFC) to measure caspase-3 activity. BD ApoAlert Caspase
Fluorescent Assay Kit (Clontech Laboratories) were used to determine
caspase-3 activity. In brief, 80% conﬂuent monolayers of PK15 cells
grown on T-25 ﬂasks were infected with PCV2 at a MOI of 1 TCID50
with or without NF-κB inhibitor CAPE treatment after infection. After
96 h of post-infection, cells were harvested at 400 ×g for 5 min. Cells
(2–3×106) were lysed in 50 μl of lysis buffer on ice for 10 min and
183L. Wei et al. / Virology 378 (2008) 177–184centrifuged at 16000 ×g for 10min, and the supernatant was collected.
A 50-μl supernatant was added to an equal volume of 2× reaction/DTT
buffer supplemented with caspase-3 substrate DEVD-AFC, and in-
cubated at 37 °C for 2 h. The optical densities at 400 nm for caspase-3
were determined. The nanomoles of AFC (released) expressed per
hour was calculated from the standard curve.
Statistical analysis
Results are presented as averages±the standard deviations or
standard errors of the means, as indicated. Statistical comparisons are
made by using Student's t test, and differences between groups were
considered signiﬁcant if the P value was b0.05.
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